Aims/hypothesis The aim of this study was to estimate the risks of adverse birth outcomes such as stillbirth, infant death, preterm birth and pre-eclampsia in women with type 1 diabetes, compared with the background population. We further aimed to explore the risks of adverse birth outcomes in preterm and term deliveries separately. Methods By linkage of two nationwide registries, the Medical Birth Registry of Norway and the Norwegian Childhood Diabetes Registry, we identified 1,307 births among women with pregestational type 1 diabetes registered in the Diabetes Registry, and 1,161,092 births in the background population during the period 1985-2004. The ORs with 95% CIs for adverse outcome among women with type 1 diabetes vs the background population were estimated using logistic regression. Results The OR for stillbirth (≥22 weeks of gestation) was 3.6 (95% CI 2.5, 5.3), and for perinatal death (stillbirth or death in the first week of life) it was 2.9 (95% CI 2.0, 4.1). The OR for infant death (first year of life) was 1.9 (95% CI 1.1, 3.2). For preterm birth (< 37 weeks of gestation) and pre-eclampsia the ORs were 4.9 (95% CI 4.3, 5.5) and 6.3
Introduction
Despite substantial advances in the treatment of type 1 diabetes over recent decades and focus on the necessity of good care before and during pregnancy for women with the disease, most research studies indicate that women with pregestational type 1 diabetes still have a considerably higher risk of pregnancy complications and adverse pregnancy outcome compared with the background population [1] [2] [3] [4] [5] [6] . The risk of stillbirth or perinatal death has, according to recent studies, varied between three and six times the risk in women without diabetes [7] . Few population-based studies have investigated the risk of infant death.
While it is well established that perinatal mortality is strongly increased in preterm deliveries [8] , and that preterm delivery is much more common in type 1 diabetes pregnancies [1, 3, 4] , few studies have investigated the relative risk of perinatal mortality in women with type 1 diabetes separately in term and preterm births.
The main objective of this study was to estimate the risk of stillbirth, infant death, preterm delivery and preeclampsia in women with pregestational type 1 diabetes in Norway compared with the background population. We further aimed to explore the risk of adverse birth outcome in preterm and term deliveries separately.
Methods
Subject and study design All births in Norway in the period 1985-2004 occurring after 22 weeks of gestation were included in the study. Since 1967 the Medical Birth Registry of Norway has recorded all births in the country, with data on labour, the newborn child and the health of the mother before and during pregnancy. To ensure a valid diagnosis of type 1 diabetes, we linked data in the Medical Birth Registry to the Norwegian Childhood Diabetes Registry, through the unique personal identification number given to all Norwegians. With a high degree of ascertainment, the Diabetes Registry has registered incident type 1 diabetes cases diagnosed throughout Norway before age 15 over certain time periods: prospectively since 1989 [9] and retrospectively for incident cases during the period 1973-1982 [10] . In addition, cases diagnosed at age 15-29 years were registered retrospectively for the period 1978-1982 [11] . Our study population included 1,307 babies born during the period 1985-2004 to a mother registered with type 1 diabetes in the Diabetes Registry. Births during the same period to a mother without type 1 diabetes (n= 1,161,092) constituted the background population. Because the Diabetes Registry only includes incident cases for young persons and for certain periods, our study population includes approximately one third of all births by women with type 1 diabetes in Norway during the study period. Data on infant deaths were derived from the Cause of Death Registry, and information on maternal education, immigrant status and country of origin was obtained from Statistics Norway (www.ssb.no).
Outcome variables Stillbirth was defined as death of the fetus before or during labour. Perinatal death was defined as stillbirth or death during the first 7 days of life. Neonatal and early neonatal death were defined as death of a live born infant during the first 28 or 7 days of life, respectively, and infant death as death during the first year of life. Gestational age was primarily calculated based on the first day of the last menstrual period (LMP), to ensure a uniform measure throughout the study period (ultrasound-based gestational age was not registered in the Birth Registry until 1999, and was thus missing for about two thirds of the study population.) If LMP data were missing, we used ultrasound-based gestational age, if available. If no data on gestational age was available, births were included in the study if the birthweight was 500 g or more. Preterm and very preterm birth were defined as delivery before 37 or 32 completed weeks of gestation, respectively. When the births were grouped into preterm and term deliveries, post term deliveries were included in the term group. Pre-eclampsia was defined as any pre-eclampsia registered in the Birth Registry, including eclampsia and HELLP syndrome (H, haemolysis; EL, elevated liver enzymes; LP, low platelet count). The registration was based on free text until 1999 and pre-coded check boxes or free text combined since 1999. According to national guidelines, the diagnostic criteria for pre-eclampsia include blood pressure ≥140/ 90 mmHg after at least 20 weeks of gestation, and proteinuria ≥0.3 g/day, or ≥1+ on a urine dipstick on two occasions [12] . Non-spontaneous deliveries were deliveries started by healthcare workers, either with medication/ amniotomy, or with Caesarean section. Low Apgar score was defined as a score of less than 7 at 5 min after delivery.
Potential confounding variables Parity (number of previous births) was divided into para 0, 1, 2, 3 and ≥4. Maternal age was divided into <20, 20-29, 30-34, 35-39 and ≥40 years of age. Educational level was the highest education achieved by the mother in 2004, and was divided into three categories: less than 12 years of school, 12 years of school, or exam at college or university. Ethnic origin was divided into two groups, depending on whether or not the woman giving birth was a first or second generation immigrant from a country outside Europe (or from Turkey). Year of delivery, sex of child, and marital status (married/ cohabitant vs living alone) were other possible confounders adjusted for. When using gestational age for adjustment in multivariate analyses, it was categorised into the following groups (completed weeks): 22-27, 28-31, 32-34, 35-36, 37, 38, 39, 40, 41, 42-45 (6.6% had missing data on gestational age).
Statistical analyses
We used logistic regression in SPSS to estimate ORs with 95% CIs of birth outcomes in pregnancies with type 1 diabetes compared with the background population before and after adjusting for the confounding factors listed above. For rare outcomes (those occurring in approximately <5-10% of births in all subgroups), the OR is a good approximation to the relative risk. All confounding factors except year of delivery were used as categorical variables in the analyses. For small samples (expected counts below 5), we derived p values from Fisher's exact test (two sided). The statistical programme STATA was used to make the density plot for distribution of births over gestational age in days (Fig. 1) .
Results
Mothers with type 1 diabetes were on average slightly younger at delivery and had slightly lower parity than those without, and they were more often of European origin (Table 1) . Differences were otherwise minor.
Stillbirth and perinatal death occurred approximately three times more often in pregnancies among women with type 1 diabetes compared with the background population ( Table 2 ). The risk of infant death within the diabetes group was twice that of the background population, and stillbirth or infant death combined occurred three times more often among women with diabetes. Estimates were little affected by adjustment for potential confounding factors.
Twenty six per cent of the women with type 1 diabetes delivered preterm (Table 2) , of which 42% spontaneously preterm (Table 3) . Almost 20% in the diabetes group were registered with pre-eclampsia, and close to 60% experienced a non-spontaneous start of labour (Table 2 ). Median gestational age was 38.4 weeks (270 days, interquartile range 258-278 days) among women with type 1 diabetes, and 40.2 weeks (282 days, interquartile range 274-289 days) in the background population. Gestational age may be viewed as an intervening variable between type 1 diabetes and adverse outcomes, and after adjusting for gestational age, the OR for stillbirth was 1.8 (95% CI 1.2, Fig. 1 Perinatal mortality by gestational age at birth in women with type 1 diabetes (black diamonds and solid lines) and in the background population (white diamonds and dashed lines), for births of 22 or more completed weeks (a) and restricted to 32 or more completed weeks of gestation (c). Diamonds are placed at the mean gestational age in weeks within the following groups: 22-31, 32-34, 35-36, 37, 38, 39, 40, 41-45. b shows the distribution of gestational age in the diabetes group (black line) and in the background population (dashed line). Information on gestational age was missing for 6.6% of the total population. Error bars represent 95% CIs 2.8), for perinatal death 1.6 (95% CI 1.1, 2.3), and for stillbirth or infant death 1.6 (95% CI 1.1, 2.2; data not shown in table). Table 3 shows the risk of mortality and other pregnancy outcome separately for preterm and term births. Results show that the excess mortality in births among women with type 1 diabetes was confined to term deliveries, with little or no difference in mortality between births among women with and without type 1 diabetes when analyses were restricted to preterm births (test for interaction for perinatal death: p<0.001). Similar results were found when excluding births registered with major malformations (not shown). The result for perinatal death is explored in more detail in Fig. 1 . Restricting the analyses to deliveries between 37 and 40 completed weeks gave an OR for stillbirth of 3.6 (95% CI 1.7, 7.7), for perinatal death of 2.7 (95% CI 1.3, 5.7), and for stillbirth or infant death of 2.2 (95% CI 1.6, 4.3; not shown in tables).
More than half of the deliveries among women with diabetes had a non-spontaneous start, both in term and preterm group. Among women delivering spontaneously to term (n=353), 0.8% (n=3) experienced perinatal death, which is a five times higher risk than that in the corresponding background population (p=0.02, Fisher's exact test). All three women had an LMP-based gestational age beyond 40 weeks of gestation. Women with diabetes delivering non-spontaneously to term had a non-significant OR for perinatal death of 1.6 compared with the background population (p=0.19). Among preterm deliveries, there was no significant difference in the risk of perinatal death between women with and without diabetes, neither in women delivering spontaneously, nor in women delivering non-spontaneously (the estimated, non-significant ORs for women with diabetes were <1 for all adverse outcomes, data not shown in tables).
Among women with pre-eclampsia, there was no case of adverse outcome in the term diabetes group. In women with pre-eclampsia delivering preterm, there was no significant difference in adverse outcome between women with and without diabetes (OR for perinatal death in relation to the background population was 0.51, p=0.59 [Fisher's exact test]).
Stillbirths and infant deaths among women with type 1 diabetes are listed case-wise in electronic supplementary material (ESM) Table 1, with information on gestational age. Ten of 24 stillbirths (42%) with known gestational age occurred after 37 weeks of gestation, and the median gestational age was 35 weeks among stillbirths and 34 weeks among all pre-or postnatal deaths. In 60% (24/ 40), the fetus was a girl. In eight cases there was one or more serious malformations registered. Births after 1998 were often registered with gestational age based on both LMP and ultrasound. For four of the seven deaths with both sources available, there was a considerable difference (about 2 weeks) in gestational age depending on the source used. The ultrasound-based gestational age was the shorter of the two.
The sample size was not sufficient for detailed study of time trends in adverse outcome among women with type 1 diabetes, but when dividing the study period into three time periods the risks of stillbirth, perinatal death, and stillbirth or infant death were significantly higher among women with type 1 diabetes in all periods (Fig. 2) . Over the three periods, the risks declined significantly among the background population (tests for trend: p<0.001). Among women with diabetes, the proportions with adverse out- comes were also lower at the end of the study period than at the beginning, but test for trend was significant only for stillbirth or infant death. We found no association between duration of diabetes and adverse outcome after adjusting for maternal age and year of birth (data not shown).
Discussion
In addition to documenting a three to four times increased risk of stillbirth and perinatal death among women with type 1 diabetes compared with the background population, the novel findings in this study were a significantly higher risk of death during the first year of life, and that the increased risk of adverse outcome was limited to term births.
Strengths and limitations of the study Our study population consists of births at any hospital throughout Norway during 1985-2004. Linkage to the nationwide type 1 diabetes registry secured a valid diagnosis of type 1 diabetes. Thus the results are not influenced by incorrect or unspecific coding of diabetes, nor by selection bias due to selective participation to studies or difference in hospital profiles. The design of the study resulted in a relatively low median age at diagnosis and thereby a relatively long median duration of diabetes at delivery, although all age groups were represented. However, as we found no association between adverse outcome and duration of diabetes within our population, we believe the relatively long median duration has not caused any major bias. Our data did not include clinically relevant data such as glycated haemoglobin and microalbuminuria. We could not, therefore, explore the correlation between birth outcomes and these factors in our population. The large sample allowed for the study of rare outcomes such as infant death, and for exploring the risk of death in subgroups such as term and preterm births.
Comparison with other studies The three-to fourfold increased risk of stillbirth and perinatal death for women with type 1 diabetes observed in our study is comparable with the better results from population-based studies in other countries [7] . Intensive neonatal care has continuously improved over the past years, making the chance of surviving the first days of life better. We therefore aimed to include death during the whole first year of life (infant death) in the outcomes studied, thus going beyond the focus of most studies in the field. We found a doubled risk of infant death in women with diabetes compared with the background population, and a tripled risk of stillbirth or infant death. The current study is, as far as we know, the first to show a statistically significant excess risk of infant death in women with type 1 diabetes. The magnitude of this result is in accordance with estimates from Great Britain and Sweden, which indicated a doubled or tripled risk of infant death without reaching statistical significance [13] [14] [15] [16] . The current study was, to our knowledge, the first since a study in the mid-1980s [14] to present data on mortality for term and preterm deliveries separately. This Swedish study of 914 births examined both late fetal death and infant death in subgroups of preterm and term births, but found no significant differences between women with diabetes and controls in either of the groups. No data on gestational age within the term group were presented, and we find it difficult to speculate on reasons for the apparent conflict with our results.
Our finding of 19% risk of pre-eclampsia was similar to the reported risk of pre-eclampsia among Danish women with type 1 diabetes in the 1990s (18%) [3] , but was higher than results from Sweden [1] and the Netherlands [4] . Diagnostic criteria for pre-eclampsia diagnosis are, however, not necessarily alike between countries and studies [17] , and while the Swedish study seemed to use similar criteria to ours and allowed 1+ for proteinuria if a dipstick was used, the Danish study required 2+, and the Dutch study was based on 24 h values only. To what extent such differences influence the results is unknown. Our finding that one third of the women with diabetes delivering preterm had a diagnosis of pre-eclampsia was in accordance with results from two single-centre studies from Israel (using similar criteria as in the current study) and the USA, the latter from the 1980s [18, 19] .
Considerations and implications
The preterm birth rate in the diabetes group was 26%, much higher than in the background population (7%). Generally, preterm delivery is emphasised to be the most important single factor in perinatal mortality [20] , and mild and moderate preterm births (32-36 weeks of gestation) are alone responsible for an important fraction of infant deaths in general populations [21] . Based on these factors, an excess risk of perinatal and infant death in women with diabetes could theoretically be due to a higher proportion of preterm births, which are at higher risk than births to term. If the risks within each stratum of preterm and term births were similar for women with and without diabetes, there would still be a higher risk in the total group of women with diabetes, if the rate of preterm births was higher among them than in the background population. Our finding of an increased risk in women with diabetes delivering to term shows that a higher proportion of preterm births in the diabetes group is not the whole explanation of the total excess risk. It seems that late stillbirth, also after 37 weeks of gestation, still plays a role in the persistent higher risk of adverse pregnancy outcome in women with type 1 diabetes.
The observed lack of excess risk in women with diabetes among preterm births may indicate that clinicians most often succeed in their care for women with type 1 diabetes delivering early, and for their preterm born babies. Yet, stratified analyses like the current one should be interpreted with caution because the interpretation depends on the true causal structure among many related variables [22] . The high proportion of pre-eclampsia occurring preterm in women with diabetes is in itself a challenge [23] . However, this might partly explain the relatively low mortality risk in preterm diabetes deliveries compared with the background population, in which a higher proportion of preterm births might be due to serious conditions less easily detected or intervened in.
While there were 15 cases of death in the term diabetes group (10 of them stillbirths), the expected number would be four if the risk equalled that of the background population. Six of these 15 had a gestational age (LMPbased) of 40 weeks or more. A Danish study exploring 25 cases of stillbirth in women with type 1 diabetes in the 1990s found no explanation, or suboptimal glycaemic control as the only explanation, in four out of six stillbirths to term [24] . Decisions by clinicians regarding whether and when to initiate delivery in women with type 1 diabetes are crucial and will always be a central part of the important care along these pregnancies. The National Institute for Health and Clinical Excellence (NICE) guidance recommends that all women with diabetes are offered elective birth after 38 completed weeks (induction of labour or, if indicated, elective Caesarean section) [25] . The ADA states that: 'an emerging consensus suggests that well-monitored diabetic women achieving excellent glycaemic control without obstetrical complications can await spontaneous labour up to 39-40 weeks gestation' [26] . In Norway, the national guidelines from 2008 recommend induction of women with pregestational diabetes around 40 weeks if no circumstances indicate earlier delivery or Caesarean section [27] . The current practice is that women with pregestational diabetes are offered labour induction between 38 and 40 completed weeks of pregnancy (T. Henriksen and S. Vangen, personal communication). Our findings support the need for thorough consideration regarding women with type 1 diabetes approaching term, hinting also towards the need to consider both LMP and ultrasound-based term, in women with a discrepancy between the two term dates. We are worried that the pendulum has gone too far in allowing women with type 1 diabetes with otherwise uncomplicated pregnancy to deliver at a high gestational age.
Conclusions
In conclusion, the three-to fourfold increased risk of stillbirth and perinatal death in women with type 1 diabetes represents a major challenge. Our novel finding that the excess risk was confined to term births is noteworthy. We believe there is a potential for better outcome by further improvement of care and optimised metabolic control for these women.
